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As a model for composite materials of piezoelectric ceramic and metal, lead zirconate titanate ~PZT!
and platinum ~Pt! particulate composites were fabricated by power processing. The electrical and
mechanical properties of the PZT–Pt composites were measured as a function of the Pt volume
fraction. The relative dielectric constants of the PZT–Pt composites increased markedly, while the
piezoelectric constants and electromechanical coupling coefficients decreased with increasing Pt
content. When the Pt volume fraction exceeded 30%, the PZT–Pt composite became electrically
conductive because of percolation of the Pt particles. The Pt-dispersed PZT composites enhanced
the mechanical properties, particularly the high fracture resistance, compared to the monolithic PZT
ceramics. © 2001 American Institute of Physics. @DOI: 10.1063/1.1403662#Piezoelectric actuators are technologically important in
the fields of smart materials and microelectromechanical sys-
tems ~MEMS!. Unimorph and monomorph actuators are two
well-known types of piezoelectric actuators which use flex-
tensional modes to produce larger displacements compared
to extensional-mode actuators.1,2 Conventional unimorph and
monomorph actuators consist of piezoelectric plates and
metal shims that are bonded together by an organic agent
~usually epoxy resin!. The inherent defect in such actuators is
deterioration of the bonding after a long period of use.1 The
concept of functionally graded materials ~FGMs! is expected
to be a good solution to this problem.3–5 Until recently, the
development of FGM actuators was based on the graded
compositional variation from high piezoelectric-low dielec-
tric material to low piezoelectric-high dielectric material.3,6
As another approach, we have developed FGM actuators
with graded compositional profiles from piezoelectric ce-
ramic to metal,7 from which the lead zirconate titanate
~PZT!–Pt system was selected. PZT was selected because it
is one of the most widely used piezoelectric ceramics, while
Pt was selected because it is usually used as an electrode in
PZT actuators. In order to endow FGM piezoelectric actua-
tors with enhanced performance, it is necessary to design the
FGM actuators numerically to determine the optimum com-
position profile. The design process requires the properties of
each individual ceramic–metal composite to be experimen-
tally calculated and to be used in the numerical model. In the
present study, Pt-particle-dispersed PZT-matrix composites
with various compositional ratios were fabricated via a nor-
mal powder metallurgical process. The mechanical and pi-
ezoelectric properties of each composite ratio were mea-
sured.
Commercial PZT powder ~Zr/Ti atomic ratio
50.516/0.484, average particle size50.97 mm from Sakai
Chemicals Co. Ltd., Japan! and Pt powder ~average particle
size53.02 mm from Nippon Glass Fiber Co., Ltd., Japan!
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with a mortar and a pestle at compositional ratios of 0–30
vol % Pt and were compacted under pressure of 100 MPa by
die pressing. The powder compacts were sintered in air at
1200 °C for 1 h in a covered Al2O3 ~99.9% purity! crucible
that contained PbZrO3 powder to produce an excess-PbO
atmosphere. The densely sintered bodies ~the sintered density
was confirmed to be above 97.8% of the theoretical value!
were machined to the required dimensions and sizes for
property measurements.
The crystalline phases of the sintered materials were ex-
amined by x-ray diffraction ~XRD! with Ni-filtered Cu Ka
radiation. Figure 1 shows the XRD patterns of the monolithic
PZT and the PZT–15 vol % Pt composite samples as a rep-
resentative composition. A comparison of the diffraction
peaks in the two samples indicates that no macroscale chemi-
cal reaction occurred between the PZT and Pt during sinter-
ing at 1200 °C. This result confirms that the PZT is chemi-
cally inert to Pt in PZT–Pt composites.
For measurement of the dielectric and piezoelectric
properties, silver paste electrodes were formed at the proper
places on the specimens, which were then polarized by ap-
FIG. 1. X-ray diffraction patterns of the monolithic PZT and PZT–15 vol %
Pt composite samples.1 © 2001 American Institute of Physics
 AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp
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of silicone oil. The resonant frequency and dielectric con-
stant ~at 1 kHz! of the polarized specimens were measured
using an impedance/gain phase analyzer ~model HP4194A,
Hewlett-Packard!. The piezoelectric constants and mechani-
cal coupling coefficients, which are of great importance for
design of the actuators, were computed from the measured
resonant frequencies, and the results are shown in Figs. 2 and
3. The composites lost their ferroelectric characteristic when
the Pt volume fraction exceeded 20% and it was confirmed
that the PZT–30 vol % Pt composition showed a relatively
low electrical resistance ~4.5 V/m! due to percolation of the
Pt particles. For the compositions investigated, the piezoelec-
tric constants and mechanical coupling coefficients de-
creased with increasing Pt content, as shown in Figs. 2 and 3.
The PZT raw material, with a composition near that of the
morphotropic phase boundary ~MPB!, is specified for actua-
tor applications, so its piezoelectric constants and mechani-
cal coupling coefficients are very high. Accordingly, the pi-
ezoelectric properties of the PZT–Pt composites are still
comparatively high even at a composition of PZT–20 vol %
Pt. It is known that particle dispersions usually suppress
grain growth of the matrix and the piezoelectric properties of
PZT ceramics are dependent on the PZT grain size. How-
ever, the grain size of the PZT matrix in all the composites
that we processed was almost the same regardless of the
dispersion volume fraction, so it is likely that the reduction
in the piezoelectric properties was only due to ‘‘purely’’
FIG. 2. Change in piezoelectric constants as a function of the Pt volume
fraction.
FIG. 3. Change in electromechanical coupling coefficients as a function of
the Pt volume fraction.
Downloaded 15 Feb 2010 to 130.34.135.83. Redistribution subject tocomposite effects. Although the results of Figs. 2 and 3 are
expected because Pt is nonpiezoelectric, we are unable to
provide an in-depth discussion about the quantitative rela-
tionship between the above piezoelectric properties and the
Pt volume fraction since no theoretical studies have so far
been devoted to an investigation of the influence of metal
particle dispersion on the properties of piezoelectric ceram-
ics.
Figure 4 shows the variation in relative dielectric con-
stant as a function of the Pt volume fraction. The addition of
Pt particles into the PZT matrix increased the dielectric con-
stant significantly; the relative dielectric constant of the
PZT–20 vol % Pt composite is twice that of monolithic PZT.
The phenomenon that the incorporation of metal particles
increases the relative dielectric constant has been reported in
other systems, such as in PZT–Ag ~Ref. 8! and
polyester–Ag.9 Such an increase in dielectric constant is be-
cause effective dielectric fields develop between the dis-
persed particles in the matrix.10 Consequently, the measured
dielectric constants of the composites can be predicted from
the dielectric constant of the matrix ~PZT! and the Pt volume
fraction by Maxwell’s equation11 as follows:
e~V !5
112V
12V ep , ~1!
where ep and e(V) are the dielectric constants of the mono-
lithic PZT and PZT–Pt composites, respectively. V is the Pt
volume fraction.
The fracture strength was measured by a modified small
punch ~MSP! testing method12 using a small disk specimen
~8 mm in diameter, 0.5 mm thick! with one well-polished
surface. The fracture toughness was evaluated by the Vickers
indentation microfracture ~IM! technique at a load of 4.9 N,
TABLE I. Mechanical properties of PZT/Pt composites.
Pt volume
fraction
~%!
Fracture toughness
~MPa m0.5!
Fracture strength
~MPa!
0 1.01 72.0
5 1.07 68.7
10 1.15 76.4
15 1.30 90.5
20 1.95 91.6
25 2.08 89.2
30 2.73 90.9
FIG. 4. Change in relative dielectric constants as a function of the Pt volume
fraction. AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp
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proposed by Niihara et al.13 Table I summarizes the fracture
toughness and strength of the materials. The fracture tough-
ness increased monotonously with increasing Pt content, par-
ticularly when more than 15 vol % Pt particles were added to
the PZT. The crack paths in the monolithic PZT and PZT–Pt
composite are compared in Fig. 5. The crack propagated
from the corner of the indentation in the monolithic PZT
sample in a fairly straight line with an integranular fracture
mode. In the PZT–20 vol % Pt composite sample, crack
propagation was greatly suppressed by the dispersed Pt par-
ticles, which bridged and deflected the crack, leading to im-
provement in the fracture toughness. The incorporation of
the Pt particles into PZT also improved the fracture strength,
but the strength increased only in the composition range
from 5 to 15 vol %, above which the strength remained al-
most constant. It is thought that the influence of Pt particle
dispersion on the strength is twofold. On one hand, the
strength can be improved as a result of the fracture toughness
improvement according to Griffith’s theory. In fact, the
strength increased when the Pt content was low as 5–15
vol %. On the other hand, the thermal residual stress, which
is generated during the fabrication process due to the mis-
matching between the PZT matrix and Pt particles, intensi-
fied with increasing Pt volume fraction, resulting in a nega-
tive influence on the strength. Therefore, the strength did not
further increase when the Pt content exceeded 15 vol %, re-
sulting from the trade-off between the above two effects.
FIG. 5. Scanning electron microscope micrographs showing the indentation
cracks in the ~a! monolithic PZT and ~b! PZT–20 vol % Pt composite.Downloaded 15 Feb 2010 to 130.34.135.83. Redistribution subject toFrom the above results, the incorporation of Pt particles
into PZT ceramics has the following advantages. First, the
resulting composites have better mechanical properties than
monolithic PZT ceramics. Although the mechanical proper-
ties are not the main concern when PZT is used as a dielec-
tric material, the above improvement in fracture toughness
and strength is very favorable for the application of piezo-
electric ceramics as actuators. Second, the piezoelectric
properties can be adjusted within a relatively wide range ac-
cording to their practical use. Third, the Pt addition increases
the relative dielectric constant significantly, which makes
PZT–Pt composites attractive materials. Because PZT is
chemically inert to Pt at high temperature, dispersing Pt par-
ticles in the PZT matrix was easily fabricated via conven-
tional powder processing. PZT–Pt composites were chosen
as a model material for piezoelectric ceramic and metal com-
posites to investigate how the incorporation of a secondary
phase material ~metal! influences the piezoelectric and me-
chanical properties. Although the present study only focused
on the compositional dependence of specific properties of the
piezoelectric and metal composites, it is thought that the
properties should also be dependent on the microstructure,
such as the particle or cluster size and the homogeneity of
the dispersion phases. In other words, more studies aimed at
optimizing the electrical and mechanical properties of the
composites through microstructure control could be interest-
ing.
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